Abstract-We analyze the threshold behavior of a pair of laterally coupled semiconductor lasers of different lengths. The predictions include longitudinal mode selectivity leading to single longitudinal mode operation with a periodicity determined by the length mismatch, and ripples in the equipower curves in the current plane due to carrierinduced index shifts. We present experimental measurements that confirm these predictions.
I. INTRODUCTION
T HE desire for narrow linewidths in lasers used in fiber optic transmission systems has made longitudinal mode control the subject of study because single-mode lasers are less noisy than their multimode counterparts. The latter are plagued by partition noise resulting from competition among the modes. Unfortunately, the most common laser geometry-a longitudinally homogeneous waveguide bounded by two flat mirrors-usually runs in multiple longitudinal modes due to gain saturation and high spontaneous emission.
More complicated laser structures have been proposed that discriminate between longitudinal modes. They include distributed feedback lasers [ 11 and distributed Bragg reflectors [2], which contain a corrugated grating with a period of half the optical wavelength. DFB's and DBR's suffer from difficulties in fabrication due to the need to bury a very fine structure underneath the upper cladding layers without introducing defects into the crystal structure. Another direction of research has encompassed coupled-cavity lasers [3], [4] in which multiple Fabry-Perot resonators are coupled together. They are of particular interest because they are relatively simple to fabricate and offer the potential of FM operation [SI, linewidth reduction, and modulation speed enhancement [ 6 ] -[ 8 ] , along with single-mode operation.
To date, the most common geometry of coupled-cavity lasers has been longitudinal, that is, the two lasers are butted up against each other end to end. In this geometry, the gap between the two lasers plays a crucial role in the laser operation. For best gain selectivity, it must be a .(small) integral number of half wavelengths [9] side by side so that the coupling occurs via the evanescent fields of the individual lasers [l 11 , [ 121. If the lasers are of different lengths, then the longitudinal spectra of the two lasers differ, and we expect low thresholds only where the longitudinal modes of the two lasers coincide. In this paper, we present a theory of, and experimental measurements on, a laterally coupled-cavity laser. In Section 11, we outline the theory of operation and calculate some representative threshold gain curves that illustrate the gain discrimination. In Section 111, we present experimental measurements on the device. In Section IV, we summarize the important points of the paper.
11. THEORY OF OPERATION The device under consideration is illustrated in Fig. 1 . It consists of two lasers of length L 1 (short) and L2 (long), characterized by propagation constants PI and P2, respectively. We seek to understand the modes of such a structure and to calculate the threshold gains of each mode. Our intuition suggests the following: each cavity is on resonance when the optical path length seen by a field as it completes a round trip of the cavity becomes an integral number of wavelengths. Only for a few select frequencies will this condition be satisfied simultaneously in both cavities. However, the situation is more complicated than that. In the region of the laser where the two lasers are side by side, a field cannot propagate in one cavity alone, due to the coupling between the two cavities. The appropriate description of the system is in terms of the supermodes [ 121, that is, the modes of the twin waveguide.
Any field at a fixed position in the cavity can be written either as a sum of the supermodes of the cavity or as a sum of the modes of the individual channels. portions where the two waveguides are coupled, so we need a means to switch from the supermode representation (SM) to a channel mode (CM) representation. We first define the propagation constants of the isolated channels.
(1)
where the subscript 1, 2 refers to the channel, w is the lasing frequency, po is the nonresonant refractive index, y1 , 2 is the gain in each channel, and 01 is the linewidth enhancement factor relating changes in the real and imaginary index of refraction. When the two cavities are coupled, standard coupled-mode theory gives a good approximation to the propagation constants and fields by assuming that the supermodes are composed of a linear combination of the channel modes. We define coupling coefficients as overlap integrals of the channel mode fields:
where A p l , is the perturbation in index seen by one channel mode due to the other channel. Then, if we make the definitions
the propagation constants of the two supermodes are given by
Any field that is represented by a linear sum of the channel mode fields can be written as a linear sum of the supermode fields as well. If we represent a field by a vector A_ = ( al a 2 ) cM where a l and a2 are the amplitudes of the two channel modes; then the amplitudes b, and b2 of the two supermodes describing the same field can be written as
The square matrix v -is given by
Obviously, 2 = yPTB. We can also write the effects of any linear operatiocupon the fields as a square matrix that is unique within a given representation. For example, in the channel mode representation, the field after an encounter with a mirror of reflectivity ro would be However, to write the appropriate operator for a supermode vector, we must transform the operator to the new representation. We accomplish this with the matrix y. 
The need for switching between representations arises because the matrices for some operations (reflection, propagation) assume a simpler form in one representation than the other. Let us choose an arbitrary field in the supermode representation ElSM at z = 0 in Fig. 2 , and calculate the matrix that propagates it through one round trip of the resonator. We do this by composing a matrix for each portion of the journey and appending it to the left side of the initial matrix, the identity matrix [14], [15] .
We begin by propagating from z = 0 to z = L. That matrix, in the supermode representation, is given by inspection. It is since each supermode merely gains a phase factor. At L , we must switch over to a channel mode representation by multiplying by a factor y-'. The field in channel 1 sees a reflectivity r l , while tKe field in channel 2 propagates further for a distance D , gets reflected by reflectivity r2, and then propagates back to z = L. This matrix can be written as
Now we transfer back to the supermode representation by multiplying by y. We propagate back to z = 0 with the matrix PsM, andreflect off the left mirror. For the case of uniform-reflectivity on the left, the reflection matrix takes the same form in either representation: So, our round-trip matrix is given by
The lasing condition that a field BSM reproduces itself exactly after one round trip can be expressed as
We recognize this as an eigenvalue problem. The matrix 
The roots to (1 5) implicitly define the threshold gains y and lasing frequency w of the longitudinal modes because the propagation constants and thus the supermode propagation constants ( T~,~, are functions of gain and frequency.
In Fig. 3 , we have plotted the threshold gains for 11 adjacent longitudinal modes of a representative LC2 laser consisting of two phase-matched ( I PI -Pz l2 << I K~K~ I ) channels of lengths 200 and 240 pm (for this set of cavity lengths, the longitudinal mode spectrum possesses 1 1-fold periodicity). The mirror reflectivities of the two cavities were taken to be 0.55 and 0.1, respectively (the former number is the dielectric reflectivity of the GaAs/air interface; the latter reflects imperfections in the etched mirror [ 161). On the same graph, we have plotted the threshold gains for the modes when the coupling disappears (independent lasers or phase-mismatched channels). When the channels are mismatched, the supermodes are localized on one channel or the other; consequently, the longitudinal modes of the resonator are just the longitudinal modes of the individual cavities and are degenerate. Thus, the horizontal and vertical dashed lines in Fig. 2 correspond to 6 and 5 modes, respectively. Where the two lines cross, all 11 modes are degenerate.
There are several features of interest to be gleaned from this graph. The first is the broken degeneracy of the longitudinal modes, as seen by the spread curves in Fig. 3 . Fig. 3 shows a two-dimensional space of potential operating points; the only accessible region of the y l -y2 plane for steady-state operation is the region below and to the left of all of the curves in the graph (corresponding to subthreshold operation) and the locus of sections of threshold curves that makes up the boundary of that region (corresponding to laser operation). (The reasons for this restriction are discussed in somewhat more detail in [ 171 .) The gain differences between adjacent modes is related to the spacing between the first mode to lase (the first line encountered as one moves out from the origin) and subsequent modes. This spacing is shaded in Fig. 3 . The wider the shaded region is, the greater the gain separation at the adjacent operating point is. We see that the greatest spacing and the greatest mode discrimination arises when y2 is large and y1 is small or when we pump the lossy laser hard. The modes become nearly degenerate when both lasers are brought close to threshold. This mode of operation is roughly analogous to the situation in axially coupled lasers when the "gap" is an odd number of quarter wavelengths [ 181. In our case, the equivalent parameter ( T A ) varies its phase with current. So, for example, the "gap" could be adjusted by adding an independent third contact to the additional section of laser that acts as a tuning stub. Another feature to observe is that the plot of 7 1 t h versus 7 2 t h contains several ripples due to the changes in optical path length with gain via the a parameter (taken to be -5 for the plots). Finally, we see from the formulas that the distance that controls the periodicity of the structure is D, the difference in path length.
EXPERIMENTAL MEASUREMENTS
The devices were fabricated upon GaAlAs double heterostructures grown by liquid phase epitaxy. Twin gain stripes 4 pm wide with center-to-center separations of 9 pm were defined by proton implantation at 70 keV. CrAu contacts were evaporated on the surface, and the mirror of the shorter laser was etched using techniques similar to those described in [ 161. The devices were lapped down to 75-100 pm thickness and AuGe contacts were evaporated on the bottom and annealed under H2 at 380" for 20 s. The devices were then cleaved into varying lengths with varying differences in cavity length.
One feature that became apparent immediately was that nearly equal cavity lengths were better for getting singlemode operation. As the model suggests, the difference in cavity lengths determines the periodicity of the longitudinal mode spectrum. The spectrum of a device with a fairly long difference is shown in Fig. 4 , with a sinusoid of period c / 2 p D superimposed over it. Also shown is the spectrum of the two devices when operated indepen- dently. This shows another feature that is common to coupled cavities, but that has not been adequately explained; when two or more cavities are coupled together to reduce the number of longitudinal modes, the gain curve (as inferred from amplitudes of the longitudinal modes) appears to shift to a longer wavelength. One possible explanation is that the losses of coupled-cavity geometries that have reported this phenomenon (see, for example, [ 191) are larger than in the uncoupled case (see Fig. 3 ), and the increased loss necessitates harder pumping and shifts the gain curve. The shift in optical path length with carrier density can be seen in Fig. 5 where cavity number 2 is pumped successively harder, thus increasing the carrier density in the additional section of length D and shifting the longitudinal modes. Smaller differences in cavity length demonstrate other phenomena. Fig. 6 shows the threshold currents (proportional to the threshold gains) required by the two cavities for a D = 3 k 1 pm device, illustrating the ripples from interference. (For larger differences, the ripples are finer and are beyond the measurement resolution of our system.) This particular device lased in a single longitudinal mode from threshold up to a current level of twice threshold for asymmetric pumping (Fig. 7 ). Yet another device ( D = 10 pm) shows single-mode operation over limited current ranges of about 20 percent of threshold, and shows a mode hop between single modes; both modes are on the long-wavelength side of the subthreshold gain curve. As before, the periodicity is controlled by the difference in cavity lengths (Fig. 8) .
IV. CONCLUSIONS
In conclusion, we have presented a device capable of single-longitudinal mode operation that is easily fabricated monolithically, a laterally coupled-cavity laser. We note that for optoelectronic integration, it will be desira- the ble to etch all mirrors of a laser, and the scheme of etching and one laser shorter than the other fits neatly within this plan. Despite the operation of this laser under pulsed conditions and the fact that the modes were gain guided (which means that the coupling coefficients change somewhat with pump current), large regimes of single-mode operation were obtained. We expect that more stable operation (allowing larger current excursions) will result from an index-guided structure where the coupling coefficients are constant and the amount of spontaneous emission is less. These results indicate that a laterally coupledcavity laser designed for CW operation (e.g, a twin buried heterostructure) may be suitable for use in single-mode laser systems. IEEE JOURNAL OF QUANTUM ELECTRONICS. VOL. QE-23. NO. 4, APRIL 1987 optics, recombination mechanisms in semiconductors, semiconductor lasers and integrated optics, especially the problem of monolithic integration of transistors, injection lasers, and detectors for high-frequency applications. He has authored or coauthored some 300 papers in professional journals, as well as a number of basic texts in quantum electronics, optics, and quantum mechanics. 
